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Multiferroic materials are potential functional materials for future spintronic application.
1,2 A great amount of work has been done to explore mutual control of the electric and magnetic degrees of freedoms, the so-called magnetoelectric (ME) coupling. [3] [4] [5] Meanwhile, the abundant phase transitions that occur in some multiferroic systems have inspired great interest. 6, 7 The dielectric property changes around the magnetic phase transition can offer a way to achieve magnetodielectric coupling. One can modify the magnetic transition and the dielectric property by an external magnetic field. [8] [9] [10] [11] Magnetic competition in some rare earth manganites, such as orthorhombic TbMnO 3 (Ref. 7) and GdMnO 3 , 7 as well as DyMnO 3 , 7,12,13 could induce magnetic frustration and complex spin states. Cross-coupling between ferroelectricity and magnetism can be realized in these manganites because of the broken spatial inversion and time-reversal symmetries. 14 In rare earth orthoferrites, a special magnetic phase transition occurs, called spin reorientation. A representative example of this kind of material is DyFeO 3 . 8, 15, 16 It is the only rare-earth orthoferrite to show Morin transition, where the Fe 3þ system spins in single crystal reorient from C4 (antiferromagnetic (AFM) configuration along a axis with weak ferromagnetic (WFM) component along c axis) to C1 (simple un-canted antiferromagnetism along b axis) around 35 K. 17 Much more interesting, Tokunaga and Tokura et al. found that the magnetic field along c axis of DyFeO 3 single crystal (Pbnm) can induce a gigantic ME effect. 18 In addition, Kimel et al. reported that they had achieved spin reorientation in TmFeO 3 via ultra-short laser pulses. 19 Considering the possible control of magnetic anisotropy by lattice strain, these materials are possible choices to achieve ME coupling if they are combined with ferroelectric materials.
At present, spintronic application has to meet many challenges, and one may be finding strong ME coupling at room temperature in multiferroic materials. The core of this challenge is the modification of magnetic and electric polarization phases. Therefore, phase transition research becomes extremely important and can give us theoretical and experimental guidance in the search for multiferroic materials. In this letter, we study the spin reorientations and antiferromagnetic transitions in the distorted perovskite DyMn 1Àx Fe x O 3 system. The results show something of interest and suggest a possible way to achieve ME coupling and modify multiferroic properties in this type of material.
Polycrystalline samples of DyMn 1Àx Fe x O 3 (x ¼ 0, 0.2, 0.33, 0.5, 0.6, 0.67, 0.8, 0.95, and 1.0) were made by the solid state reaction method. Stoichiometric amounts of raw oxide powder were weighed carefully and mixed in an agate mortar, followed by pressing into pellets 15 mm in diameter at 20 MPa. Samples were calcined at 950 C for 10 h and sintered at 1440 C for 6 h. The crystal structures of the samples were examined by x-ray diffraction (XRD, model: GBC Mini-Materials Analyzer) at room temperature. The magnetic measurements and the heat capacity were carried out using a 14 T physical properties measurement system (PPMS). Fig. 1(b) . With increasing x, both a axis and c axis become longer monotonously, while b axis decreases linearly but shows weak fluctuation above
The measurement of the field and zero-field cooling (FC and ZFC) temperature dependence of the magnetic moment was carried out for samples with 0 x 0.5. DyMnO 3 shows a typical paramagnetic (PM)-like state over the whole temperature range, as seen in Fig. 2(a) . It was reported that DyMnO 3 changes to an AFM state around 39 K. 7, 13 Because of the strongly paramagnetic Dy 3þ , the transition from PM state to AFM state is masked. However, the heat capacity measurement confirmed this magnetic phase transition and Dy 3þ ordering around 6.5 K (shown in supplement files, Fig.  S1 (Ref. 25) ). When the Fe content increases, the ZFC and FC curves separate from each other at higher temperature, suggesting a possible magnetic phase transition (shown in supplement files, Fig. S2 (Ref. 25) ). To remove the Dy 3þ moment contribution and determine the exact phase transition temperature, we plot the normalized dv/dT-T curves (shifted by proper interval), as shown in the inset of Fig. 2(a) . Clear peaks can be observed and the magnetic phase transition temperature increases when the Fe content increases.
Low temperature and high temperature FC magnetic properties for samples with 0.5 < x 1 were measured on heating in a field of 1000 Oe, as shown in Figs. 2 Fig. 3(b) . Hence, the high temperature transitions are transitions from PM states to canted AFM states. The sudden decrease of magnetic moment at low temperature in Fig. 2(b) should be the result of disappearance of WFM component. Hence, the transition at low temperature range is assigned to spin reorientation from canted AFM state to collinear AFM state. The spin reorientation temperature shifts to lower temperature with increasing Fe content while T N increases. The Fe content dependence of all transition temperatures is presented in Fig. 2(d) . Hence, the two transitions of bonding distances and angles within ab-plane just reflect the Fe doping induced magnetic transitions from paramagnetic state (0 x 0.5) to collinear antiferromagnetic state (x ¼ 0.6) to canted antiferromagnetic state (0.67 x 1) at room temperature.
In distorted perovskite ABO 3 type compounds with orthorhombic structure, such as LaMnO 3 (Ref. 20) and YbMnO 3 , 21 the cooperative rotation of corner-sharing BO 6 octahedra can bias the cooperative Jahn-Teller orbital ordering. In-plane magnetic interaction of BO 6 , octahedra is decided by the competition between the FM interaction of e g electrons (r-bond component) and the AFM interaction of t 2g electrons (p-bond component). The interplane magnetic interaction can be divided into two major parts, according to the different contributions from electrons in different 3d suborbitals. One is the AFM interaction between the half-filled t 2g orbitals of transition metal B ions via O 2À ions. The other is the AFM and FM competition interaction among e g orbitals (e.g., 3z 
092502-
AFM spin configuration along c axis. For LaMnO 3 , there is an A-type antiferromagnetic order due to the dominating FM interaction of e g in-plane. 20 Here, DyMnO 3 shows an incommensurate antiferromagnetic configuration with a wave number of 0.72 at T N . 7, 13 Our experiment shows that the AFM transition temperatures of DyMn 1Àx Fe x O 3 are modified by Fe doping, which stems from subtle structural change. For DyMnO 3 and low Fe doping samples with x 0.2, a relation b > a > c/ ffiffi ffi 2 p is found, suggesting a static Jahn-Teller orbital ordering. Therefore, for x 0.5, the Fe doping can affect the magnetic exchange interaction in the following way: because e g orbital of Fe 3þ ion is half occupied and that of Mn 3þ ion is quarter occupied, such an occupied electronic state enhances the AFM exchange interaction of the whole system, both in-plane and interplane, according to the Hund rule. In addition, Fe doping also promotes the increase in c/ ffiffi ffi 2 p relative to a, the orbital ordering becomes less stable and stronger AFM interaction of e g This is in accordance with the observed weak FM transition in our experiment.
As for spin reorientation, there are a few factors that affect this transition: magnetic anisotropy, single ion anisotropy, the DM interaction, and exchange interaction. In our case, Dy 3þ -Fe 3þ /Mn 3þ ion exchange interaction seems to play an important role. In a pure DyFeO 3 sample, the spin reorientation takes place at a relatively low temperature, $65 K (T r ), when the strong Dy 3þ -Fe 3þ interaction dominates the Fe 3þ -Fe 3þ interaction along one axis over other axis. For samples with lower Fe content, the Fe 3þ -Fe 3þ interaction in the whole system becomes weaker because of Mn 3þ substitution. Hence, even at higher temperature, the Dy 3þ -Fe 3þ interaction can overwhelm thermal disturbance and the Fe 3þ -Fe 3þ interaction, forcing spin reorientation to occur.
The M-H loops at 5 K of all samples are plotted in Fig. 3 . For x 0.5, M-H loops are shown in Fig. 3(a) individually and the saturation magnetic moments are nearly the same, but obvious remnant moments can be observed except DyMnO 3 . Remnant moments decrease when x increases. DyMnO 3 is neither the standard PM loop nor an AFM loop which should be attributed to the spiral magnetic configuration below 20 K. 7 This indicates that Fe doping not only enhances antiferromagnetic interaction, but also induces stronger or weaker spin frustration compared with nondoped spiral DyMnO 3 , especially at low doping rates. The local DM interaction among these frustrated spins may be responsible for the weak ferromagnetic component at low temperature. For x > 0.5, it is clear that the saturation magnetic moments increase when x increases and there are no remnant moments, shown in Fig. 3(b) , meaning that it is collinear antiferromagnetism after spin reorientation.
In summary, we have studied polycrystalline perovskite DyMn 1Àx Fe x O 3 samples by means of structural and magnetic measurements. In samples with x 0.2, strong JahnTeller distortion favours static orbital orderings, which become less stable in samples with x 0.5 and probably disappears in samples with x > 0.5, according to the analysis of structure and magnetic property. Because of the introduction of Fe 3þ , which is half-occupied in e g orbital, the AFM transition temperatures become very sensitive to Fe content and shift to higher temperatures from 39 K to 680 K. When x exceeds 0.5, spin reorientations take place at certain temperatures which show an opposite shifting tendency to T N .
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